Abstract: Pressure transient analysis for shale gas reservoirs requires comprehensive understanding related to nonlinear gas flow process as well as hydraulic fracture properties. A major purpose of this study is to demonstrate how this issue is addressed by pressure transient analysis for multiple fractured horizontal wells in shale gas reservoirs. Extensive numerical simulations were conducted to model transient pressure behaviour of a fractured horizontal well and the results were applied to well test analysis in shale gas reservoirs. This paper presents a comprehensive reservoir simulation model to investigate the characteristics of pressure transient responses under the influences of hydraulic fracture properties and nonlinear gas flow mechanism. The numerical simulations provided various type curves for transient pressure responses in fractured horizontal production wells. Results from type-curve matching for synthetic pressure data demonstrate that the conventional analysis approach may still be applicable for analysis of shale gas reservoirs.
Introduction
Shale gas resources are becoming of increasing concentration because of their potential to supply the world with immense amount of energy and depletion of conventional reservoirs with high permeability. Shale gas reservoirs have an extremely low matrix permeability which is estimated as 1 to 100 nano-Darcy and complicatedly-distributed natural fractures. Due to the ultra low matrix permeability and complex natural fractures of shale gas reservoirs, it would show a considerably long period and intricate flow regimes in transient flow periods. Therefore, understanding pressure transient behaviour of hydraulically fractured horizontal well is of importance to provide a perception into a long-term production performance as well as to present criteria for the estimate of reservoir and fracture parameters with pressure transient analysis.
For a multi-fractured horizontal gas well, the pressure transient flow is complicated by the configuration of fracture-well-reservoir system and characterised by various flow regimes, which have been investigated by many researchers. Hegre (1991, 1994) studied pressure transient behaviour of a hydraulically-fractured horizontal well and afforded the description of pressure transient flow regimes with corresponding analytical solutions. The effects of number, position and direction of fractures on pressure transient responses was discussed by Raghavan et al. (1997) in high permeability, conventional reservoirs. Medeiros et al. (2008) used pressure and pressure derivative curves to explore the influence of matrix permeability, fracture spacing and well spacing on the pressure behaviour in tight gas reservoirs. Cheng (2011) researched the pressure transient behaviours of a horizontal well with hydraulic fractures using a numerical simulation model with consideration of various factors in a range essentially practical to Marcellus Shale, such as matrix permeability, conductivity of hydraulic fractures, cluster spacing, size/enhanced permeability of stimulated zone, and gas desorption. However, she did not contemplate widely-distributed natural fractures but just secondary fractures nearby main fractures. Recently, several papers studied performance of fractured horizontal well with numerical model (Ozkan et al., 2011; Zhao et al., 2013 Zhao et al., , 2014 ) but they did not consider nonlinear flow accurately in shale gas reservoir.
Type curves have been considered as a satisfactorily reliable and easy tool to estimate reservoir properties. They have been investigated for various reservoir-well systems. Type curves based on pressure derivatives were suggested by Tiab and Crichlow (1979) who used the pressure derivative in fault detection. Tiab and Kumar (1980) presented type curves based on the derivative of dimensionless pressure for analysing well test data. Barua and Kucuk (1985) used nonlinear least-squares technique for matching the pressure and pressure derivative data by deliberating the analytical solutions of Warren and Root's (1963) dual porosity model, which is commonly used to idealise naturally fractured reservoirs. Thompson and Temeng (1993) presented a nonlinear regression technique to interpret pressure transient data from a drawdown or buildup test on a horizontal well. Recently, Kurtoglu et al. (2012) studied for pressure transient analysis of horizontal wells and fractured horizontal wells in shale gas reservoir; however, they focused on log-log analyses during bilinear and linear flow regimes. Rana and Ertekin (2012) calculated permeability, extent of hydraulic fractures, and dual porosity dimensionless parameters using conventional type curve matching. However, their model regarded fractured wells as elliptical shape region so that it could not consider effects of individual fracture properties. Even though substantial attention has been focused on pressure transient analysis in naturally fractured reservoirs, there are still lacks of investigations to analyse pressure transient responses of a horizontal well with hydraulic fractures in the shale gas reservoir using type curve matching technique.
In shale gas reservoirs, the pressure transient response for a horizontal well with transverse multiple fractures is controlled by many of important fracture properties and nonlinear flow processes. In this paper, extensive simulations were conducted considering effects of the number of hydraulic fractures, fracture half-length, fracture spacing, adsorption, non-Darcy flow, and Klinkenberg effect under reservoir flow condition as well as skin factor. The main purpose of this work is to provide a series of type curves for transient pressure response of a multi-fractured horizontal shale gas well in log-log plots of dimensionless pseudopressure and derivative of pseudopressure as a function of dimensionless time. Afterwards, the application of type curve matching technique was provided to determine petrophysical properties of a shale gas reservoir. A step-by-step procedure for analysing pressure transient tests using these type curves is also included. Results from this study provide insights into the pressure transient characteristics and estimation of reservoir properties during production from shale gas reservoir through a multi-fractured horizontal well.
Basic theory
Shale gas is stored in two ways, one is free gas and the other is adsorbed gas in porous media. Free gas is stored in pore space and natural fractures. Adsorbed gas is stored on the surface of matrix particle or natural fracture face (Song et al., 2011) . With sufficient pressure drop, the adsorbed gas is released from the surface. Both types of gases are able to flow to the well simultaneously through natural fractures and hydraulic fractures. An isothermal flow in fractured shale gas system can be fully described by the following mass balance equation (Moridis et al., 2010) .
Mass balance equation
Mass balance considerations (Pruess et al., 1999) in every grid block into which the simulation domain is subdivided by the integral finite difference method dictate that 
, ,
where φ is the porosity, ρ β the density (kg•m Subscript β is the phase of fluid. The first term in equation (2) describes fluid mass stored in the pores and the second term is the mass of adsorbed gas onto the organic carbon content of matrix. As shown in equation (3) below, Langmuir isotherm is considered to describe the adsorption capacity of rock as a function of pressure changes under isothermal condition.
The Langmuir volume V L indicates the maximum gas volume can be adsorbed and the Langmuir pressure p L is the pressure at which half of Langmuir volume gas is stored.
The fluid flux term of fluid phase β is given by:
For phase β,
and the phase flux F β is described by Darcy's law as
where k is the intrinsic rock permeability (m 2 ) k rβ the relative permeability, μ β the viscosity (Pa • s), p β the pressure (Pa), and g the gravitational acceleration vector (m•s -2 ).
Non-Darcy flow
Turbulent flow in the vicinity of wellbore can be described by the Forchheimer equation which adds a nonlinear term to the Darcy's law. The equation F β = ρ β v β is still applied. However, v β is calculated from the following relationship,
where k f is the fracture permeability, v β the velocity vector, μ β the viscosity, and β β the non-Darcy flow coefficient or Forchheimer β coefficient. In this study, Evans and Civan's (1994) empirical correlation is used to decide the Forchheimer β coefficient.
( ) 
Klinkenberg effect
Gas slippage is a phenomenon associated with non-laminar gas flow effects in porous media. At low pressure, the velocity of the individual gas molecules tends to accelerate or slip along the pore wall of porous medium. As a consequence, permeability can be overestimated without considering this gas slippage effect. This phenomenon is so called Klinkenberg (1941) effect and especially significant in low permeability or shale gas reservoirs characterised by small pore throat. Darcy's law requires a correction for the mean flowing pressure. Effective gas permeability (k g ) at a specific pressure is given by
where b is the Klinkenberg coefficient and p is the mean pressure.
Skin effect
Skin effect should be considered to describe a realistic producing gas well. In general, total skin factor is split into two subcomponents, a rate-dependent component owing to turbulence and a constant component owing to damage, fracture, perforations and partial penetration. Thus, total skin factor is represented by equation (9) used to calculate production rate using equation (10).
( 1 0 ) where s′ is the total skin factor, s the mechanical skin factor, D q the rate dependent skin factor, D the turbulence flow factor, r w the wellbore radius, r e the effective radius, h the grid block thickness in well direction, p o,i the pressure of i th grid block containing the well, p bh the bottomhole pressure, and l ∑ the summation over all layers.
Dimensionless variables
Under the conditions assumed in this study, the pressure transient response of a horizontal well with n identical transverse hydraulic fractures can be modelled by considering one of the fractures producing from a rectangular reservoir section at a rate equal to .
The dimensionless fracture half-length x FD , the dimensionless fracture spacing d D , the dimensionless time t D , the dimensionless pseudopressure drop Δm D , and the semi-log dimensionless pseudopressure derivative involved in the systems are defined as
where x F is the fracture half-length, y the reservoir size in y direction, d the fracture spacing, q F the production rate from rectangular region of individual fracture, and n the number of fracture. Subscript F means hydraulic fracture. Tables 1 and 2 present basic parameters used in the base case in the following sections. The reservoir block of 550 × 550 × 150 ft 3 (size of each grid block is 22 × 22 × 30 ft 3 ) which is small enough to monitor various flow regimes is simulated with no flow boundaries (Figure 1) . In our numerical model, dual porosity dual continuum model was considered to represent a system of natural fractures and shale matrix in a shale gas reservoir. There are two dual porosity models to compute the flow between matrix and fractures, pseudosteady state model and transient model. The pseudosteady dual porosity model assumes instantaneous stabilisation of flow between matrix and fractures. On the other hand, the transient dual porosity model calculates transient flow before pseudosteady flow is achieved. Although pseudosteady and transient dual porosity model shows slightly different results in intermediate time, this period is not the focus of research. Therefore, pseudosteady dual porosity model is applied in this model for computational efficiency. Permeability of natural fracture could be seen smaller than that of matrix permeability. It is because input data is bulk properties based on total volume and cross-sectional area. In this case, intrinsic natural permeability is 10 md. Natural fractures exist in every 25 ft in x and y directions over entire the reservoir. The properties of individual fracture are the same. Hydraulic fracture properties are assumed to be constant along the fracture and have finite conductivity. Fluids include gas and water, but water is at residual or immobile. Therefore, the flowing fluid is assumed to be single phase gas. Reservoir simulator is computed for 50 years of production with constant gas rate 3 Mscf/D. To run physically feasible reservoir simulation, a low gas production rate is required due to small reservoir volume. Various mechanisms in shale gas production, such as adsorbed gas, non-Darcy flow, Klinkenberg effect, and skin effect also can be modelled. 
Numerical simulation model

Pressure transient characteristics
Pseudopressure derivative plot is considered as reasonably reliable and easy to use as analysis tools for pressure transient analysis in gas well testing. Figure 2 is log-log plot of base model with dimensionless pseudopressure drop and pseudopressure derivative versus dimensionless time. In accordance with pseudopressure derivative curve which is a more effective way to analyse flow regimes than pseudopressure curve, flow regimes are identified as below and distributions of pressure drop are shown in Figure 3. 1 First flat straight line from point A to B represents the fracture radial flow (FRF).
FRF is occurring mainly in the hydraulic fractures.
2 Next period from point B to C presenting convex shape for downward direction associates with dual porosity system. Difference of fracture pressure and matrix pressure are increasing in early part of this period and then decreasing. At the end of this period, fracture and matrix pressures achieve dynamic equilibrium. 4 Final log-log straight line having unit slope after point D represents boundary dominated flow (BDF) period. If this period is observed, it means that pressure of both matrix blocks and fractures has encountered external boundaries.
All of flow regimes mentioned above may be switched or not be revealed depending on the specific conditions. 
Effects of the number of fractures
Four cases are considered with different number of hydraulic fractures (n = 2, 3, 5, and 9). A case which has three fractures is set as the base case. Additional fractures were arranged in the middle of each fracture to increase the number of fractures. Other properties remain unchanged. Figure 4 shows a comparison of the dimensionless pseudopressure drop and derivative on a log-log plot. According to change of the number of fractures, pseudopressure and pseudopressure derivative responses are significantly influenced throughout the production life except for the late time. Both pseudopressure and derivative become lower as the number of fractures is larger. Flow regimes are also affected by the number of fractures. There is pronounced difference on derivative , respectively. For case of n = 9, ILF disappears due to same reason of BLF. Once flow regime reaches CLF, gas drainages for all cases extend similarly. CLF occurs after transition period followed by ILF and finishes almost simultaneously for all cases. At late time, all derivative responses merge together with unit slope (BDF). In other worlds, BDF lasts almost similarly irrespective of the number of fractures. 
Effects of fracture half-length
Five cases of different dimensionless hydraulic fracture half-length (x FD = 0.18, 0.36, 0.55, 0.72 and 0.90) are simulated to analyse effects of fracture half-length on pressure behaviour. The case of x FD = 0.36 is base one. Other properties remain same with those of the base case. Figure 5 shows a comparison of the dimensionless pseudopressure drop and derivative on a log-log plot. Since dimensionless time includes half-length term, type curves considering fracture half-length show different dimensionless time range. In this case, therefore, pseudopressure and derivative curves in log-log plot are used to analyse pressure transient responses (Figure 6 ). Pseudopressure and derivative responses are mainly affected by fracture half-length after 100 hours. As hydraulic fracture half-length increases, BLF is elongated. Owing to the extension of fracture half-length, internal flow of hydraulic fracture endures and so does the BLF. In the case of x FD = 0.18, however, fracture half-length is so short that BLF vanishes. The longer half-length, the later ILF and CLF begin. CLF period becomes shorter as half-length becomes longer. For the case of x FD = 0.90, CLF is not observed because fracture is placed across the entire reservoir.
At late time, all derivative responses merge together (BDF). 
Effects of fracture spacing
Four cases of different dimensionless hydraulic fracture spacing (d D = 0.08, 0.16, 0.32, 0.64) were simulated. Two outermost fractures were allocated with specified spacing from a centre placed fracture. Base case is set to d D = 0.64. Other properties remain unchanged as the base case. Figure 7 shows a comparison of the dimensionless pseudopressure drop and derivative on a log-log plot. All cases show similar tendency for overall period. However, both dimensionless pseudopressure drop and derivative responses for intermediate time (t D = 2 × 10 -2 to 3) are significantly influenced as the spacing between fractures varies. BLF appears from t D = 4 × 10 -2 to 9 × 10 -2 except for the case of 0.08 spacing. Because of short distance of fractures in the case of 0.08 spacing, internal flow of hydraulic fracture arrives in equilibrium rapidly. ILF is followed by a straight line with a slope of around 1/4 to 1/2, called EF (Al Rbeawi and Tiab, 2012) 
Effects of adsorption
Four adsorption cases are simulated with different maximal adsorbed volume (V L = 0, 0.1, 1, and 10 gmol/lb). Figure 8 shows effects of the maximal adsorbed volume on dimensionless pseudopressure and derivative responses. Since flow period of the natural fractures nearby hydraulic fractures was finished, there has been a considerably long transition period of matrix to natural fracture flow on the derivative responses for 10 gmol/lb case. It is attributed to rich adsorbed gas which requires long time to desorb from matrix surface and to flow from matrix to natural fracture. Accordingly, the rich adsorbed shale gas reservoirs lead to the long transition time after very early time. 
Effects of non-Darcy flow
Non-Darcy flow occurs in the hydraulic fractured region as well as near wellbore of high-capacity gas. To investigate non-Darcy effect, various simulations were implemented with different α value (α = 1.485 × 10 9 , 1.485 × 10 10 , and 1.485 × 10 11 ft 1.042 ) which is a numerator of equation (7). In the base case, non-Darcy flow coefficient α is set to 1.485 × 10 9
. Figure 9 indicates that dimensionless pseudopressure drop increases with α value (meaning larger β coefficient) for maintaining the same gas production rate. In cases of large α values (1.485 × 10 10 and 1.485 × 10 11 ft 1.042 ), there is a distinctive change of pseudopressure drop and derivative at very early time (t D = 10 -6 to 10 -5
). It demonstrates that rapid gas flow is occurred in the hydraulic fractures by dramatic pressure drop at very early time. 
Klinkenberg effect
Klinkenberg effect is especially significant in low permeability reservoirs or low pressure reservoirs (Wu and Pruess, 1998) . To investigate Klinkenberg effect on pressure transient responses, four cases were simulated with different Klinkenberg coefficient (b = 0, 5, 10, 20, and 50 psi) . Figure 10 shows that dimensionless pseudopressure and derivative curves for these models are similar in all cases. Klinkenberg effect affect pressure behaviour slightly only at early time.
Effects of skin factor
Four cases considering mechanical skin factors (s) of 0, 5, 10 and 20 were simulated. Figure 11 presents dimensionless pseudopressure drop and derivative curves for skin factors. The case of no skin is base one. The larger the skin factor, the larger the pseudopressure drop. While dimensionless pseudopressure drop curves show clear distinction in early and intermediate periods, there is no measurable effect on derivative responses. In other words, flow regimes are not changed with skin and the only productivity is affected by skin factor. 
Application of type curve matching
Case study
Pressure drawdown test data of a fractured horizontal well is given in Table 3 and other known properties are listed below. Determine fracture permeability and total porosity. 
Step 1 Plot (Δm(p) vs. t) and (tΔm′(p) vs. t) on a log-log plot as shown in Figure 12 (a).
Step 2 Calculate x FD and d D using equations (11) 
Step 3 Find the best matching type curve with the log-log plot as shown in Figure 12 (b).
Step 4 Read from any match point. Step 5 Calculate fracture permeability (k f ) using equation (14). Step 6 Calculate total porosity (φ m+f ) using equation (13). The actual values of fracture permeability (k f ) and total porosity (φ m+f ) used to generate synthetic test data are 4 × 10 -4 md and 3.008 × 10 -2 , respectively. Therefore, the calculated reservoir properties from type curve matching are reliable. 
Field example
To verify the effects described in this paper, the field production data of a Marcellus Shale is used. The flowing bottomhole pressure and gas production rate are reproduced from Yeager and Meyer (2010) . Due to variable pressure/rate and noise of field data, corrections are necessary before analysis is performed. Palacio and Blasingame (1993) introduced material balance time function to analyse variable pressure/rate data. The material balance pseudotime tca for gas is defined given below Rate normalised pressure integral and normalised pressure integral derivative curves for Marcellus Shale data is shown in Figure 13 . In this plot, three flow regimes mentioned earlier are identified. BLF with slope of 0.25 is shown from 100 to 250 hours. From 250 to 500 hours, ILF is observed with slope of 0.5. After ILF with brief transition period, slope of derivative curve is measured 0.5 again. This period is CLF. Although all flow regimes mentioned in this paper are not obtained due to quality and quantity of data, the field example presents the verification for the proposed numerical model of shale gas reservoir. 
Conclusions
Extensive simulation was performed to analyse pressure transient characteristics by including hydraulic fracture properties and nonlinear gas flow process in multi-fractured horizontal shale gas wells. Results from this study present the following conclusions:
1 hydraulic fracture properties including fracture half-length, spacing, and the number of fractures have significant influences on intermediate time flow regimes 2 non-Darcy flow impacts on the flow regimes of fractured horizontal wells at very early time 3 adsorption affects duration of overall flow regimes 4 Klinkenberg and Skin effect is difficult to analyse with the generated type curves.
The presented type curves provide reliable estimate of reservoir properties through analysis of the pressure drawdown test data.
